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Abstract

Tissues in biological objects from the point of view of electromagnetic effects
must be modeled not only for their conductivity. The ionic double layer in-
duced by the electric field, built by electrolytic diffusion, must be counted.
The micro (frequency dispersion phenomena) and macro (interfacial polari-
zation), as well as more generalized by Nernst-Planck cells describe the bio-
physical aspects of this phenomena. The charge distribution depends on the
processes and produces charge gradients in space. The dynamic feasibility of
the-charge transition layer has memory and adaptability, working like a me-
mristor in cancerous development. The memristor processes may complete
the adaptation mechanisms of cancer cells to extremely stressful conditions.
Our objective is to show the distribution and redistribution of space charges
that generate memristors and internal currents like injury current (IC) in the
development of cancer. We show some connected aspects of the modulated
electrohyperthermia (mEHT) limiting the proliferation process in the mi-
cro-range like the macro-range electrochemotherapy (ECT) processes do.
The internal polarization effects form space-charge, which characteristically
differ in malignant and healthy environments. The electrical resistivity of the
electrolytes depends on the distribution of the charges and concentrations of
ions in the electrolytes, consequently the space-charge differences appear in
the conductivity parameters too. The polarization heterogeneities caused by
the irregularities of the healthy tissue induce a current (called injury current),
which appears in the cancerous tumor as well. Due to the nonlinearity of the
space-charge production and the differences of the relaxation time of the
processes in various subunits. The tumor develops the space-charge which
appears as an inductive component in the otherwise capacitive setting and
forms a memristive behavior of the tumorous tissue. This continuously de-
veloping space-charge accommodates the tumor to the permanently changing
conditions and helps the adopting the malignant cells in the new environ-
ment. Applying external radiofrequency electric field, the disturbance of the
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space-charge may change the conditions, and seek to reestablish the healthy
homeostatic equilibrium, blocking the pathologic injury current components.
The hypothetical memristive behavior of the tumor microenvironment and
the tumor mass may be a biophysical addition to the adaption mechanisms of
tumor cell and could provide a way to block the pathogen biophysical processes.
An electric field in the direction of the place of disturbance from the healthy
neighborhood appears, starting a current, which promotes cell migrations
and wound healing, re-establishing homeostatic equilibrium. In pathological
disturbance, the same process starts, which supports further proliferation, so
its blocking is desired.

Keywords

Malignancy, Tumors, Memristor, Imperfect Dielectrics, Heterogeneity,
Charge Distribution, Injury Current, Nernst-Planck Cell

1. Introduction

Bioelectromagnetism refers to the study of electromagnetic phenomena within
living organisms. It encompasses the electrical and magnetic properties of cells,
tissues, and organs, as well as it could be used to treat diseases by repairing faulty
processes [1]. Endogenous physiological electric fields are an accessible source of
physical stimulation in cancer therapy [2] [3]. Electrical stimulation may affect
apoptosis and cell proliferation [4] [5], it may induce immune-modulative
processes [6], and abscopal effect [7]. While research has explored the effects of
electromagnetic fields on cancer cells, the relationship between bioelectromagnet-
ism and cancer cell adaptability is not yet fully understood.

Understanding bioelectromagnetic interactions is at the forefront of many bi-
ophysical problems and their clinical applications. Some active electromagnetic
treatments as well as diagnostic applications, intensively apply bioelectric pheno-
mena. Complexity is the biggest challenge in bioelectromagnetism. Understand-
ing requires a combined analysis of numerous fields of physics, biology, and
medicine.

Biomaterials are highly complex. The role of electric fields in living materials
is a fascinating and complex area of study that encompasses various biological
processes and phenomena. Electric fields are generated by the movement of
charged particles, such as ions, within and around living organisms. These fields
play a significant role in several aspects of biological systems:

e Forming cellular membrane potential by electro-diffusive selection forms an
intensive electric field. Having in average ~70 mV membrane potential of
healthy cells, the electric field in the membrane could be as high as 1 mV/nm
=1MV/m.

e Electric fields are involved in cellular communication, both within individual

cells and between neighboring cells. Neurons, for instance, transmit signals
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through the generation and propagation of electric impulses, known as ac-
tion potentials. These electrical signals enable the nervous system to transmit
information rapidly across long distances.

Many cellular processes are governed by ion movements and electric poten-
tials across cell membranes. These processes include the regulation of ion
channels, which are responsible for maintaining the proper balance of ions
within cells. Ion gradients and electric potentials are crucial for processes like
muscle contraction, cell division, and cellular signaling.

Electric fields are known to influence wound healing. When tissues are in-
jured, they generate electric fields that guide cellular migration and tissue re-
generation.

Electric fields have been found to play a role in tissue regeneration in various
organisms. Certain animals, like salamanders, can regenerate lost body parts,
and electric fields are believed to contribute to the process by guiding cell
movement and tissue growth.

Electric fields are being explored for their potential in cancer treatment.
Electric fields can interfere with cell division, potentially inhibiting the growth
of cancerous cells.

Electric fields can act as signaling cues for cells to change their behavior. For
example, during development, electric fields guide the patterning of tissues
and organs. These bioelectric signals are believed to work in conjunction
with biochemical signals to orchestrate complex processes.

Electric fields have been shown to influence cell differentiation, the process
by which cells become specialized for specific functions. Electric fields can
influence the fate of stem cells and direct their differentiation into specific
cell types.

Cells can sense and respond to electric fields by migrating towards or away
from them. This phenomenon, known as galvanotaxis or electrotaxis, is ob-
served in various cell types and plays a role in processes like wound healing
and development.

Polarization interactions are one of the crucial factors in the structure of tis-
sues and organs. These are not only crucial in cellular level, but are also ac-
tive in many electrolytes of the living system, where the structure of water is
polarizable, and semi-crystalline. The cancer disorders the electrolyte struc-
ture in the cellular vicinity, facilitating its detection. It is likely that the or-
dered water bound to the membrane is also oriented by the membrane po-
tential and the polarized epithelial plates.

Opverall, electric fields are an integral part of living materials, influencing a

wide range of biological processes from cellular communication to tissue rege-
neration. The field of bioelectricity continues to be an area of active research,
with ongoing efforts to understand the underlying mechanisms and potential

applications in medicine and regenerative biology.

The aqueous multicomponent electrolyte (extracellular matrix, ECM) is an
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essential constructional component of living objects is. ECM has ionic species
presenting free charges and their flows. Here the polarization effects are accom-
panied by free-charge conductivity.

Cells, tissues, and organs have internal polarization, which is a crucial factor
in the interactions in the living system [8]. All cells have various membranes de-
fining the fundamental functions of the cells. The membrane structures are
strictly polarized layers, separating the various electrolytes and governing the se-
lective ionic exchanges. The capacitive electric part is the membrane, which is a
selective barrier mixing the various electrolytes, selects the ionic and molecular
transports and controls the “deliveries” into the cell. Furthermore, membrane
sensors and bonds may profoundly influence the cellular processes with struc-
tural and signaling effects and play a decisional role in its fate.

Well-known polarization characterizes many tissues, like epithelial separating
adjacent tissues from each other and having a specific role in the homeostasis of
organs. Epithelia form a well-structured layer; it is a permanently polarized sheet
fixing the post-developed complete organism for its entire life. The human body
has definite polarization measured on the skin on the whole body surface [9].

Polarization is fundamental not only in epithelial cells but active in many tis-
sues in the organisms. It arranges the water structure to polarize too, which
shows semi-crystalline behavior in this way [10]. It is likely that the ordered wa-
ter bound to the membrane is oriented by the membrane potential ( ¢,, ), and by
the polarized epithelial sheets as well. The actual polarization modifies the di-
electric permittivity of the tissues.

The biological cell membrane can filter the external current flow. It critically
limits the penetration of the low-frequency currents into the cell but allows
high-frequency signals to pass through [11]. The growing frequency increases
the capacitive conduction of the membrane. When the frequency is as high as

f >15MHz the capacity becomes a good conductor and practically shortcuts
the resistor, while in low-frequencies ( f <10 Hz) it appears as a high resistive
barrier, the current flows through the resistor. In the intermediate frequency in-
terval, both electric parts actively contribute to the complete resistivity of the
tissue. Due to this mechanism, the radio-frequency (RF) current does not flow
through the tissue homogeneously, and when the frequency does not exceed 15
MHz the current density differs in the extracellular and intracellular electrolytes

(Figure 1).

The absorbed power depends on the o conductivity ( SAR = %O’EZ ), while the
reactive absorption (W) periodically goes in and out of the system by double
frequency, and depends on the dielectric permittivity (W:—%a)gEz), and

changes by its heterogeneity.
The cell-membrane representing an essential part of the overall permittivity
combines the barrier function between aqueous solutions and the selective con-

duction between them, controlling the ionic and molecular exchange between
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the electrolytes. The control could be passive, driven by the diffusional forces
between the different electrolyte concentrations; however there are numerous
active transmembrane transports by other gradients like the temperature, vol-
tage, electric and magnetic fields, chemical potential and concentration inho-
mogeneities (Figure 2). The thermal effect certainly appears in the thermally
sensitive channels [12] (Figure 2(A)), but most of the bioelectromagnetic activi-
ties are nonthermal. The voltage change activates the voltage gated channels [13]
or the voltage sensitive molecules like VSPs [14] (Figure 2(B)). The magnetic field
[15] and electric field [16] proceed ion cyclotron resonance (Figure 2(C)). The
diffusion is driven with the concentration gradient, which could be thermal, or
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Figure 1. The RF current flow in tissues. The intracellular and membrane resistance are connected in serial mode, so they may be
added together. (A) It selects between the extracellular and intracellular electrolytes in the range of radiofrequency < 15 MHz. (B)
The enlarged single cell in the tissue. (C) The microscopic situation could be modeled by the shown electric circuit. (D) Usually
we must consider a parallel capacitive factor in the impedance of ECM, due to the high concentration of non-ionized molecules in
the microenvironment of the cells.
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Figure 2. A few processes ignited by bioelectromagnetic interactions and their consequences. The transmembrane gradients of the
temperature (T), potential (V), chemical potential (), and concentration of the ions, molecules, and other particles (C) are the
driving forces in many the processes. They are combined in practice. The direction of the transmembrane gradients is mostly per-
pendicular on the membrane and may change by the direction of the external field and the given condition of the TME. (A) The
thermally sensitive (temperature sensor as TRPV) channels are activated by temperature gradient. The gradient usually points
from TME of the cells to its cytosol. (B) The voltage-gated channels are activated by the voltage gradient. (C) Ligand-gated chan-
nels are controlled by the fitting chemical potential of the reaction. (D) The ionic exchange may be through ion cyclotron reson-
ance ignited by electric and magnetic fields pointing the cytosol from external excitation. (E) Diffusion processes ignited by the
concentration gradient assisted by the electromagnetic charge separation. (F) Electron (atom & molecule) excitation by the electric
field. (G) The adherent connections could be changed by the electric field. (H) Enzymatic processes are ignited by the gradient of
the chemical potential assisted by the electric field.
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field created by charge separation [17] (Figure 2(D)). The chemically controlled
(ligand gated) channel senses the ligand bond which driven by the chemical po-
tential (x) of the reaction (Figure 2(E)). The quantum-mechanical processes by
electric field excite electrons (in molecular bonds) [18] (Figure 2(F)). The elec-
tromagnetic field may modify (break or unite) the adherent connections [19]
(Figure 2(G)). The electric field influences the enzymatic processes and may
modify their outcome [20] (Figure 2(H)). The electric structure of the cells is
principally involved in the chemical reactions and their absorbed energy acts se-
lectively through different gradients. This active channelling controls the mem-
brane potential and has critical role in all life processes.

The membrane potential may control the permeability of the ion channels
between extra and intracellular electrolytes (Figure 3(A)). Nevertheless, this
ion-selective rectification has two directions, depending on the sign of the ionic
charge. The membrane furthermore rectifies the external signals, working like a
gate controlled field-effect (FET) transistor gaining the signal amplitude (Figure
3(B)) with two basic processes:
¢ Normal rectification by the highly polarized cell-membrane, [21] [22] [23].

e Stochastic resonance that makes the rectification, [24].

The applied electromagnetic fields could make structural reorganization [25]
[26], and may influence the various kinds of transports. The electric field drives
transport on proton-flow [27] and Na/K ion pump [28] and changes the mes-
sengers [29]. The transmembrane potential also could be changed by an external
electric field. The Schwan equation of electric field effect on the transmembrane
potential [30] based on dispersion relation does not contain temperature. Only
the field acts. Its validity is experimentally proven [31]. The static picture could

be modified by the correlation between the amplitude of plasma-membrane
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Figure 3. The membrane controls the ion flow between the electrolytes. (A) The direction of the flow depends on the charge and
concentration of the species going through, changing the donor-acceptor situation by conditions. (B) The non-linear membrane
current can gain the incoming signal.
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fluctuation (fluctuates the C,) and the applied electromagnetic effects [32].

Cancer cells have numerous challenges in a competitive, individual “fight” for
their high energy demand. Cancer cells developed numerous tools to improve
their adaptability in stressful environments. Cancer cells adapt and evolve in
stressful conditions. As the disease progresses, cancer cells can undergo various
adaptations that allow them to survive, proliferate, and evade the body’s immune
system and anticancer treatments.

Adaptability is a complex process influenced by various factors, including ge-
netic mutations, microenvironmental conditions, immune responses, and the-
rapeutic interventions. The tumor microenvironment (TME) is the complex cel-
lular and non-cellular environment surrounding a tumor, which consists of var-
ious leucocytes, chemical components, soluble factors of the extracellular matrix
(ECM), and signaling molecules and vehicles. The increased metabolism of can-
cer cells profoundly changes the distribution of the electric charge in TME, also
associated with a decrease in the cell membrane potential of the cancer cells. TME
consists of various cellular and non-cellular components surrounding a tumor.
The TME plays a decisional role in many functions of the tumor cells, including
their adaptability to environmental stresses [33]. The key mechanisms by which
cancer cells adapt are:

e The genetic mutations, which can occur spontaneously or be induced by ex-
ternal factors, enabling them to acquire new characteristics that promote
their survival and growth.

e Phenotypic plasticity, which means they can change their characteristics in
response to environmental cues. This plasticity allows them to adapt to dif-
ferent microenvironments.

e Epithelial-mesenchymal and opposite transitions allow the cancer cells to in-
vade nearby tissues or metastasize to distant places in the body.

e Develop resistance to anticancer therapies through various mechanisms.

The adaptability of cancer cells poses significant challenges in the treatment of
cancer and highlights the importance of developing new therapeutic strategies to
overcome resistance and improve patient outcomes. TME has an essential role in
the adaptation mechanisms of the tumor-cells.

Due to the TME specialties and the intensive proliferation, tumors have unique
electromagnetic properties and due to the permanent proliferation require more
energy than healthy cells. Cancerous tissue relies on glycolytic (fermentative)
ATP production, while healthy cells use the Krebs cycle phosphorylation in mi-
tochondria. Although the fermentative process delivers 18 times less ATP [34],
glycolysis is simpler and more intensive to supply cells with ATPs than the Krebs
cycle does. The simplicity of glycolysis favors the massive ATP demand of ma-
lignant cells. Transport processes, such as glucose, sodium, pyruvate, lactate, and
hydrogen ion transporters, are crucial for energy production and are simpler in
the case of glycolytic procedures. The cancer cells act autonomously, competing
for energy sources with the neighboring cells, they do not cooperate, but all to-

gether the individual actions makes the tumor like a cooperative organ [35] [36].
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Warburg defined the metabolic deviation of malignant cells, originated from
mitochondrial dysfunction [37] [38] [39] or at least the mitochondria are not
able to produce enough ATPs in time for cancerous proliferation. The high glu-
cose influx of most cancers appears in the composition of the TME and the
whole extracellular environment, allowing to distinguish the malignant cells from
normal. The positron emission tomography, (PET) [40] detects the metabolic
difference.

The transport processes are also crucial in glycolysis: the function of the glu-
cose, sodium, pyruvate, and lactate, as well as the hydrogen ion transporters,
must serve in time the actual energy-production processes. These forms of trans-
port are also simpler in the glycolytic case than in the mitochondrial routes.
Note, the situation is comparable to the well-known change of glucose metabol-
ism in the sport-medicine when the muscles are overloaded, and the oxygen is
not enough to supply the ATP demand by mitochondria.

The ionic and molecular concentration of the ECM changes robustly by the
highly concentrated metabolites and waste of the processes. The increased elec-
trolyte volume in the tumor [41] additionally improves the higher conductivity,
and so the selection of the malignancy, which may increase the enhancing con-
ductivity with the necrosis. Furthermore, the growing glucose concentration
keeps the real but lowers the imaginary part of complex permittivity. Consider-
ing a healthy concentration of glucose 100 mg/dL, and the tumor tissue has
double of that, the conductivity decrease is less than 10% [42]. According to (3),
the decrease of conductivity with constant permittivity is also < 10%.

The reprogrammed metabolic process is a strong dysregulation of the electro-
lyte balance in malignant volume [43]. The composition change, the high ion
concentration, is measurable by the electric conduction of the various electro-
lytes, directing the electric current to the more conductive path (Figure 4). This
process clearly selects between the cells of different metabolic forms and auto-
matically focuses the RF-current on the close TME electrolyte of malignant cells.
In time-domain spectroscopy of breast tumor tissues of patients also shows the
much larger conductivity of tumors than normal tissue [44] [45] [46] [47] [48]

| | Igctficlfig
| I 10 ‘
| |\ apd exctraceliufa,
\ e o A N Y i
| E

Pitschanrls

ht-thL\ hoLt ﬁ%s*

- 4

LY 15 Il £
> :

Figure 4. The conductivity selection. (A) The high electric conductivity of TME focuses the RF-current on the tumor cells (micro
selection). (B) The overall higher conductivity of ECM in tumor mass concentrates the current to the cancer lesion.
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and liver tumors [49] [50]. The in vivo measurement of SMT-2A tumors in rats
shows a significant difference (<6 times) in the conductivity of tumorous and
normal tissues [51].

This irregular behavior of electric conduction can be imaged by Electric Im-
pedance Tomography (EIT), [52] [53]. Also, this effect could be applied in
prophylactics like mammography [54] [55] too. Another impedance method, the
MRI Electrical Impedance Tomography (MREIT) also clearly shows the con-
ductance selection of tumors in theoretical description and 7n vivo [56]. The in-
crease of the current density in the tumor could be visualized by the measure-
ments of real processes by radiofrequency current density image (RF-CDI) [57]
[58] [59] [60].

The high conductivity also characterizes the intracellular electrolytes of ma-
lignant cells [61], growing by the progression rate of malignancy [62]. The intra-
cellular networks of the cytoskeleton and the collective excitation (soliton [63])
of microtubules increase intracellular conductivity. The progression increases
the TME and Tumor EMC conductivity too, so the precision of the selection by
conduction differences growths by the development of malignancy.

The living matter exists in an aqueous solution, which is partly ordered, [10]
[64]. The ordered electrolyte states were suggested as much as 50% of the total
amount of the aqueous solution in membrane living systems [65]. The mem-
brane potential forms the dominant electrolyte order [66] [67] in its near vicini-
ty. Carcinogenesis has drastic changes in the membrane of the cell uncoupling it
from the neighbors, and producing membrane defects and numerous outside
unconnected transmembrane proteins and their clusters (rafts). This process
induces a rearranging (disordering) of the electrolyte structure which utilizes
energy [68], similar, to the melting of ice with latent heat. This drastic change
(phase transition) modifies the actual physical properties (like the dielectric con-
stant) of the material without changing the composition of the medium itself.
The TME alternates the electron/proton homeostasis increases the pH intracel-
lularly and decreases it in the TME [69]. The cell membrane of the malignant
cells is lowered compared to the healthy equivalents [70], and together with the
lower pH of the TME the membrane thickness grows the inner side of the bilay-
er considerably changes, and the mixture of the lipid molecules replaced by the
dominant phosphatidylcholine [71]. Decrease of the membrane potential in ma-
lignant cells disorients a part of the ordered electrolyte [72] [73] [74], which in-
creases the electric permeability, [75], and decreases the cell-cell adhesion, [76].
The order-disorder phase-transition indicates the development of the disordered
autonomy (a-state) and the disappearance of the collective networking (S-state),
[77]. The significantly larger permittivity in tumor tissue in vitro is explained on
this basis, [78]. The ordered structure makes it possible to “channel” the energy
flow in the direction of the polarization order, while the outside electric field can
spin the disordered polar molecules, whose movements absorb the energy func-

tioning like “friction” in the medium. In this way, the high dielectric constant
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allows the additional selection by its higher energy absorption from the optimal-
ly applied RF energy.

The malignity increases both the conductivity and dielectric permittivity (ca-
pacity) of the membrane of cancer cells [62], which promotes higher selectivity
in severe malignant cases. The specific capacitance of the membrane and the cy-
toplasmic conductivity growths with increasing malignancy supports the focus-
ing process in severe malignant cases [62].

The actual dielectric properties are also distinguishable by the water content
of the malignant tissue, which is higher than that of their healthy counterparts.
The proliferating cells control their cell volume by their water content, in the
malignant growth [79], and by making more biophysical distinctions for prop-
erly applied electromagnetic treatment. The developing malignancy of the can-
cer cells of the mouse ovarian surface epithelial cell line increases the cytoplas-
mic and membrane electric permittivity with swelling in a low degree of malig-
nancy [62].

The conductivity and relative permittivity do not considerably change by time
and temperature in the MHz region for healthy ex-vivo muscle samples [80], so
we also expect a relatively small variation of the other tissues ex-vivo. However,
in vivo the change is considerable [44] [45] [46] [47] [49] [50] [51] [55], the
transporting electrolytes (mainly the blood perfusion) change of the electric pa-
rameters by time and temperature. These processes are dominantly physiologi-
cally regulated, so homeostatic control has substantial importance in the chang-
ing electromagnetic properties [81]. The higher dielectric permittivity of the tu-
mor cells and mass gives an additional selection factor [82] to the higher con-
ductivity discussed above. The missing bonds and disordered TME definitely
changes the electric behavior of the malignancy [83]. The RF current can recog-
nize the altered structure [75] [78], useful in practice [52] [54].

The membranes may have phase transitions, causing restructuralization of the
lipid layers. The temperature may cause a chain melting transition which in-
creases the membrane fluctuations and the dielectric permeability near the tran-
sition temperature [84]. The penetration of the membrane also rises near transi-
tion temperature increasing the likelihood of spontaneous lipid pore formation
[84].

The chemical and electric gradients promote ligand connections and receptor
activity, respectively. These processes may cause chemo- and electro-taxis [85],
which promotes the drift movement of the cells, and could have a role in inva-
sion of the malignancy.

The electrolytes, which are charge neutral on the two opposite sides of the
membrane lipid layers have a diffusion driving force due to different concentra-
tions of the ions in the electrolyte. However, the diffusion of charged ions changes
the charge distribution in both electrolytes, which affects the membrane. An ion
present in a higher concentration on one side of the membrane crosses the

membrane as a result of the diffusion driven by the concentration gradient. This
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process creates an electric field by the carried charge of the ion opposing the

driving force of diffusion. The ion-selecting process actively moves both anions

and cations gaining the electric field between the two sides of the membrane. In

the same time the membrane is not permeable for some ions and large units.

The exchange of ionic species on this cannot form electric or diffusion equili-

brium alone. The penetration processes last until the concentration gradients

and the electric field are balanced, forming the observed membrane potential.

The Goldman-Hodgkin-Katz equations modelized the electro-diffusion process

[86], with conditions:

e A constant concentration difference between outer and inner side of the
membrane => constant transport rate through membrane.

e Migration of ions through membrane = electric bilayer on both sides of the
membrane.

e All kinds of ions on both sides of the membrane are considered simulta-
neously.

e Membrane is neither fully permeable nor fully non-permeable for any ion.

¢ Different ions have different permeability.

The ionic exchange processes which create the membrane potential fluctuate
adding a noise to the resting potential which is in fact an average of the actual
potentials. Ion channels, which are responsible for the movement of ions across
the cell membrane, can exhibit stochastic behaviour. The opening and closing of
ion channels can introduce variability in the resting potential. A single ion or its
groups driven by concentration gradient may be overloaded and create electric
contra force against the diffusion restores the balance. The same thing happens
when the electric field prevails against the diffusion. It works like a promo-
ter-suppressor pair which precisely tunes the necessary value defined by the
given conditions [87] [88]. The potential oscillations dramatically improve ac-
tion potential precision [89].

While bioelectromagnetic fields may potentially interact with cancer cells, it is
currently challenging to draw definitive conclusions about their impact on can-
cer cell adaptability. Our present objective is to describe the charge distribu-
tion/redistribution in malignant tissues with the aim of understanding one of the
electrodynamic aspects of the high adaptability of malignant cells. We give a pro-

posal on how to decrease the detrimental effect of charge distribution in tumors.

2. Methods

The biological material is imperfect dielectrics, having displacement current and
conductive current as well. Two parameters are used to characterize tissues from
an electric point of view: conductivity (o) and dielectric permittivity (&). These
physical properties could be used in diagnosis [90] and in treatments [91]. The
current density ( j ) induced by E field vector and p charge density:

divE=p, j=oE,

and the charge conservation.
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P | divj=0
at

Having ffrequency in harmonic signal the j became complex (i = J-1):
j=(iwe+0)E (1)

where @=2nf is the circular frequency. When there is no free charge density
(p;=0):
div(iwz +0)E =div(c"E) = p (2)

The superscript * denotes the complex numbers:

o' =o+tive & =e-i< (3)
@
Hence:
grade-E +¢-divE = p @
grade”-E+o"-divE =0
where p charge density appears only by the polarization (space-charge). With

further simplification of (4), we get:
[grad(g)+grad(lno—*)].E =p (5)

The gradient of permittivity determines the behavior, which linearly depends
onthe E field. The logarithm of the conductivity smooths its changes, having
only a minor effect. The (5) has no structural components but the parameters (&
and o) are frequency dependent.

According to (5) the inhomogeneous dielectric material of the living tissues,
and their higher organizations, the permittivity gradient creates space charge.
The accumulated space charge increases capacity with frequency dependence,
without structural modification.

The simplest arrangement to show interfacial polarization is a condenser with
two layers of permittivity between its electrodes. The dielectric heterogeneity is a
cube having two different materials, representing the inhomogeneity of the ma-
terial with d, and d, thickness, placed in a serial arrangement in the condenser
The space charge will be created at the boundaries of the permittivity blocks,
which are parallel to the electrodes (Figure 5).

We define the conductivity of this composite dielectric block by:

d1+dzzzzﬂ+d2
o’ o, o,

(6)

From this definition, we receive the independent geometry conductivity and

complex permittivity depending only on the ratio of volumes:

. O oo,
&= o 1% ?)
Jo Ia)[a(og —0'1*)+0'1*]
d, . .
where a= " represents the geometry. The solution depends just on the
110,
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layer thicknesses. The parallel blocks are irrelevant, because the gradient and the
field are perpendiculars, and their scalar product is zero.

The dielectric permittivity depends on the frequency, causing dispersion. The
simple theory of dispersion was laid out by Debye [92]. According to Debye
theory the complex dielectric material has a breaking-point circular frequency
(@, = 2nf,), characterizing the transition between the two states, and the relaxa-
tion time (7) is 7 =1/@, . The physical meaning of this relaxation time is the
time during the displacement vector oriented by the switched-on unit electric
field. The complex dielectric material has different permittivity at high frequen-
cies (¢, ), and at low frequencies (‘95) (Figure 6), and according to Debye con-

siderations:

& —¢&, O
(w)=¢, +>—"2+—= (8)
( ) l+ior i@

Considering the heterogeneity form Figure 5. We obtain:

-~ U=E-d
i i |
A 4
If :
—] > | E1 2
1 I____ i I
/01 (oP}
ﬁl, ﬁl/
d1 ‘ dz
d

Figure 5. Arrangement of two dielectric materials in a condenser. Uis the potential, d the
length and A the cross section of the block, which has 7 current through.

*

€ ™

E=Et E,

I -
Enax = €5~ €0

)+r— wc —_— > 0

Figure 6. The complex dielectric permittivity (&"(@)) in Debye scheme. The derivative

’

of the real part ( de
do

) has a minimum in @, . It is shown in the insert.
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. &8, 1 0,0, ¢
E = +—" + -
a(e,—&)+e o a(o,—o0y)+o, l+ior
_ &€&
e a(e,—&)+¢g
g, =6, +€ )
. (0.6, —0'251)2 a(l-a)
[a(e,—&)+4 |[a(o, —0'1)+0'1J2
a(e,—&)+¢g
T=—< -

a(o,—0y)+0;

This result is remarkable: the inhomogeneous dielectric arrangement could
have larger dielectric permittivity than the individual components. The permit-
tivity, in this case, is a complex value, which is frequency-dependent and can be
approximated by the Debay principles. The complex dielectric material has dif-
ferent permittivity at high frequencies (¢, ), and at low frequencies (¢,). Note
that when the gradients of permittivity and conductivity are perpendicular on
the penetrated external field, space-charge is not formed. The parallel blocks are
two independent imperfect condensers, calculated as a parallel circuit of two
condensers.

The overall frequency-dependent conductivity ( o, ) of a unit cube (d =1, A=1)
of the tissue is shown with discrete electric elements on Figure 1(B), is:
_R+R.+R, 1 1

P R(RAR,) o (10)

_7+O'2
iwe

The high and low-frequency current differently depend on the frequency
(Figure 7(A)) slope of o, and have changed in f =10-100 MHz, (Figure
7(B)) at the range of f/J frequency dispersion identified by Schwan and col-

leagues, [93] [94],
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Figure 7. The conductivity vs. circular frequency w = 2nf

Circular frequency, (w=2nf)

of a unit cube of the tissue at the low (o, =%S/m) and high

(0, =1S/m) membrane and intracellular resistivity, (C =10°F; o, =0.1S/m). (A) The conductivity; (B) The derivative (slope)

of the conductivity function. The numeration of conductivity corresponds to Figure 1(B).
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The charge distribution, forming considerable space charge within the TME

(Figure 8) can arise from several factors:

Charge: Cells within the TME, including cancer cells and immune cells, pos-
sess an overall net charge due to the presence of charged molecules, such as
proteins and nucleic acids. The charge on the cell membrane arises from the
distribution of charged phospholipids and membrane proteins. These effects
can lead to imbalances in ion concentrations within the TME. The increased
metabolism of cancer cells profoundly changes the distribution of the electric
charge. The change is principally associated with a decrease in the cell mem-
brane potential of the cancer cells and an increase in the charge of the TME.
The TME can exhibit altered electrical conductivity due to changes in ion
concentrations and the presence of charged molecules. These conductivity
variations can affect the distribution of electric fields and influence electro-
diffusion.

Extracellular Matrix: The ECM, which provides structural and electrolyte
support to tissues, is composed of a complex network of proteins, proteogly-
cans, and glycosaminoglycans. Proteoglycans and glycosaminoglycans have
negatively charged sulfate and carboxyl groups, contributing to the overall
charge distribution within the ECM. Alterations in the ECM composition
and stiffness [95] can affect the diffusion properties of ions in the TME.
Soluble Factors: Soluble factors present in the TME, such as cytokines, growth
factors, and chemokines, can also possess charged regions. These factors can be
secreted by various cells within the TME and may interact with cells or com-
ponents through electrostatic interactions.

It’s important to note that the charge distribution within the TME is a dy-
namic and complex system, influenced by various cellular and molecular in-
teractions. The overall charge distribution can impact cellular behaviors, sig-
naling pathways, and interactions between cells and the ECM. Understanding
the charge distribution within the TME is a part of the broader study of the
tumor microenvironment, which is crucial for unraveling the mechanisms of
tumor growth, invasion, and metastasis.

The membrane potential ( ¢, ) is usually 30% smaller in cancer cells than the

normal ones [96], however its TME is richer in ionic and inert molecular species.
The high proliferation rate, the high intracellular Na* concentration and changes
on the transmembrane proteins lower ¢, , which may induce the Ca** efflux.
The reduced membrane potential makes the cell outside relatively negative
compared to the constant outside positive membrane potential of healthy cells.
The difference rearranges the charge distribution between healthy and tumor
cells, and as a result of active cancer proliferation, the charge distribution changes
over time. The charge redistribution makes strong heterogeneity in the electrical
conductivity for transmitted RF current and so the electrical resistance depends

on the charge distribution.

A depolarized membrane is considered a driving force for the intracellular
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Figure 8. The cell membrane polarization is outside positive in resting case. The directions of the concentration (c), dielectric

permittivity (&) and conductivity (o) gradients are perpendicular on the membrane. (A) A part of the cell-membrane of malignant

cell with its environment. (B) The malignant cell has low membrane potential. (C) The healthy cell has normal membrane poten-

tial, and an E-field appears to the direction of lower potential of malignant cells.

increase of Ca** which is partly a bioelectronic cancer regulator that affects pro-
liferation, migration, invasion and metastasis of cancer cells. Furthermore,
changes in ¢, are related to the modulation of local concentrations of signal-
ing molecules and ions, the spatiotemporal regulation of morphogenesis, the in-
teraction with heterogeneous networks (that combines conventional gene regu-
latory network) is controlled by spatiotemporal bioelectrical patterns based on
electric potentials and currents from steady and oscillatory multicellular states,
among others. In turn, these spatiotemporal bioelectrical patterns influence on
the spatiotemporal distributions of signaling ions and molecules that modulate
biochemical pathways in cancer cells, and therefore in growth and regeneration.

Several studies have investigated the potential impact of electromagnetic fields
on cancer cells and their proliferation [97]. A special electromagnetic oncothe-
rapy combines the thermal and nonthermal effects to improve the efficacy of the
electromagnetic effects [98] [99]. This method uses the modulated electric field
impact to space-charge and promotes the Ca*" influx to the cancer cells [100],
blocks the tumor-supporting injury current [101] and reestablishes the E-cadherin
+ p-catenin intercellular adherent connections to repair the lost collectivity of the
cells [102]. The method uses a strong synergy between the thermal and nonther-
mal effects [103], using the thermal component as a environmental factor gain-
ing the chemical reaction rate [91]. The specific mechanisms underlying any po-
tential effects of bioelectromagnetic treatments on cancer cell adaptability pre-
sently are not well-established [104]. The ionic structure and density of ions dif-
fer in the microenvironment of cells from the average ECM.

The Nernst-Planck equation is used to describe the flux of ions due to diffu-
sion and electrostatic forces. It considers the concentration gradient, the elec-
trical potential gradient, and the ion mobility [105]. The Nernst-Planck equation
describes electrodiffusion, refers to the combined effect of diffusion under in-
fluence of electrical forces. This movement rearranges the charges in the me-

dium, and forms heterogenic distribution developing internal electric fields in-
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duced by the various space charges. These fields interact even in the relative
large distances. A local arrangement of the charges embedded in the material
structure (in electric meaning impedances in the electric fields) is regarded as a
“cell” in the complex structure. These cells overlap and interact in a fractal-like
behavior. The Nernst-Planck type space charge [106] can be formed in every
non-perfect dielectric material, including the biological tissues. The basic process
is driven by the complex interaction of the diffusion and electromagnetic charge
transfer. The driving force of the diffusion is the concentration gradient, while
the charge-transport made by electric field. In aqueous solutions like the elec-
trolytes in the living objects, ions represent the charges interaction with the elec-
tric field. The electrodiffusion in the TME is important as it can impact various
tumor-related processes. In the context of tumor development, electrodiffusion
can have several influences.

e Tumor Microenvironment: Electrodiffusion can affect the composition and
properties of the tumor microenvironment. The electrical gradients within
tissues can influence the distribution and movement of ions, nutrients, and
signaling molecules. Alterations in the ionic concentrations and pH due to
electrodiffusion can create a microenvironment that supports tumor growth
and survival.

e Cell Proliferation and Migration: Electrical gradients and ion movements can
affect the behavior of cells within a tumor. Studies have shown that electric
fields can influence cell proliferation, migration, and invasion. Certain ion
channels and transporters play crucial roles in these processes, and their dy-
sregulation can contribute to tumor progression.

e Angiogenesis: Electrodiffusion can also impact angiogenesis, the process of
new blood vessel formation. Electrical signals can guide endothelial cells,
which line the blood vessels, and influence their migration and organization.
Electrodiffusion-mediated changes in ion concentrations and pH can mod-
ulate the expression of angiogenic factors, thereby affecting the formation of
blood vessels within tumors.

o Drug Delivery: Electrodiffusion can influence the delivery and distribution of
drugs within tumors. The presence of electrical gradients can affect the trans-
port of charged molecules, such as chemotherapeutic agents, into tumor tis-
sues. This can impact the efficacy of treatments and contribute to drug resis-
tance.

o Electric Field-Based Therapies: In recent years, electric field-based therapies,
such as electroporation and electrochemotherapy, have emerged as potential
treatment modalities for cancer. These therapies utilize externally applied
electric fields to enhance drug delivery or induce cell death. The principles
behind these therapies rely on the effects of electrodiffusion on tumor cells
and their microenvironment.

Studying electrodiffusion in the TME can help uncover potential targets for
therapeutic interventions aimed at modulating ion concentrations and restoring

normal electrochemical gradients within the TME. It’s important to note that the
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influence of electrodiffusion on tumor development is a complex phenomenon,
and the specific effects can vary depending on tumor type, location, and other
factors. Ongoing research in this field aims to further elucidate the underlying
mechanisms and explore potential therapeutic applications.

The ionic electric conductions naturally carry chemical mass transport too,
synergizing the electric conduction and the diffusion- and drift-like material

transport as well. According to Fick’s Law, the diffusive current density is:

. dC(x)
=D, 11
Jaite ax (11)

where Dis the diffusion constant of the given chemical component and the ionic
chemical component at x has a concentration ({x). Denote the ionizing level of
the given chemical component by Z and its ion mobility by f. Then at the ap-
plied E field-strength, the drift velocity is:

Vg = —BE . (12)

which (using the Einstein relation) could also be written in the form:

D
Vyin = —PeE = e Zek (13)

where e is the elementary charge (electron charge), & is the Boltzmann constant,
and T'is the tissue temperature and 7 is the valence of the moving charge par-

ticle. Hence, the drift-current density in the transition layer is:

. D
Jaritt :—C(X)EZGE (14)

Therefore, the particle current density of the chemical component is:
dC(x)
ax

—C(x)%ZeE (15)

j=-D
From this the jointly transported electric current density is:
: . dC(x) D ..
=Z7ej=-2eD———~-C(x)—Z"¢’E 16
Jo = Zej o ST (16)

which looks in Ohm’s Law-form like:

jo=o(E+EY),
D
=C(x)—2%? 17
o (x)kT e (17)
o dx

where E" is the field created by charge density. For numerical investigation

we normalize these values:

ZeU
&e_? _1
; -0
j= Je :Cz ZeU:Qe —19 (18)
2eDC, ey KT e’ -1
I
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where C, and C, are the concentrations of the interface layer incident and
emergent sides, and Jis the thickness of the transition layer by U potential-drop

ZeU C, . . . .
and the Q =—1 is the concentration ratio. This result

2
shows that the “foreign” field strength appears only where the particle concen-

on it; the 6=

tration has a gradient (e.g. in the phase boundaries).

Suppose a linear change of the potential in the transient layer; from (18) we

get:

2,2 -0 _
. :[Ze D]C@ Co\y (19)

? kTo e’ -1
The tissue boundaries are inhomogeneous interfaces, where external field

strengths E) may be a perturbative addition to (17), causing a charge redi-

stribution. The charge conservation at the perturbation:

0_,0_ o GE(QX) O'( _p(s))

2
ot g 15)4 g (20)

Its solution is:

p=p@+%€£ (1)
The perturbation exponentially decays in (21), but space charge p(s) remains
due to the inhomogeneity. The time constant differs from the previous one, and it
is the same order of magnitude as the periodic time of the external signal.
The charge of the /" and " condensers in the interface is:
Q =-CU; =-CRlz =-7l3

(22)
Q=CU, =CR 1z =71 »

where U,,U, are the potentials, |;,1,; the resistivity dependent currents in
the condensers, 7; =C,R, and 7, =C,R, are the time constances of the given
circuits. Moreover, the resultant surface charge:

_Q+Q
A

Qi « =7 e ~Ti (23)

where A is the surface of the electrodes which provides the external field (ie. a
plate condenser model). The surface charges drastically differ in the case of net-
worked healthy and autonomic cancer cells.

The current flow in the presence of external fields is well-known in conduc-
tors. We have shown above the polarization effect by external electric fields in
imperfect conductors in the macro and micro range even in “porous” conditions
like the cellular structure. This polarization differs from that that induces injury
current when its stability is disturbed. Contrary to the internal polarization, the
external triggering has no stable (current free) state, when the external field is
time-varying (i.e. alternating). In the cases of electric currents, irrespective of the

internal or external sources, the conductivity and the electric field-induced
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processes by the polarized layers constructed by electrolytic diffusion has to be
counted (Figure 9). These electric current are called bio-currents.

We use conditions in which time constants (7, and 7,) are commensurable
with the quarter of the periodic time. The electric circuit schematic of this model
is shown in Figure 10. This model has Nernst-Planck characteristics, so we refer
to it as a Nernst-Planck cell.

The interconnected cells produce a variant of the Nernst-Planck cells, having
a heterogenic distribution of the space-charges (Figure 11).

3. Results

Due to the concentration variance of charges the conductivities differ, depend-
ing on the values of the potentials. The approximations of (19) at an external
signal with Upotential:

1) If |U | ~0 isa small value:

Z%°DC,
~=——=U 24
=TT 29
2)If U >0 isalarge positive potential, then from (19):
2.2
je = ﬂu (25)
kTS

Eext Eext

Eing

—_ Z* e ‘ — | Z*

Figure 9. Model of the effect of the Nernst-Planck principle on a material having 2z
impedance developing Z* + E,, by forming Nernst-Planck space charge. The non-perfect

dielectric material develops an internal electric field by a double layer influenced by the
external electric field. The newly formed electric field can be modelled by an additional
opposite field caused by the internal rearrangement of charges.
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Figure 10. Transition layer schematic of the /* Nernst-Planck cell of the corrected model.
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Interconnected Nernst-Planck cells

Figure 11. A schematic of space-charge model in serial connection shown in one dimen-
sion. (A) The cellular electric analogue of the /" cell in the line. (B) A line of healthy cells,
connected network. (C) Line of malignant cells. Broken connections, changed cellular
morphology, seeking to more spherical shape. The space-charge between them essentially
differs from the healthy situation. (D) The electric analogue of the cellular line. The tran-
sition layer for Nernst-Planck cell is shown between the two condenser components of
the cells in the line. The dashed rectangles are examples of the formed Nernst-Planck
cells. These are embedded, interacting with distant cells in long range, not only with the
next neighbor.

3)If U <0 isalarge negative potential, then from (19):
. Z2%e’DC,
=———"1U 26
=TS (26)
The results (24)-(26) apparently forms Ohm-law in extremes of the U poten-
Z%°D

tial having apparent conductivity o, = C,, where C; is the concentration

of given chemical component in the electrolyte. Due to the multi-ionic behavior

(1 components) of the TME the Ohm law has further generalization. When the

K" component has specific Z, valence, D, diffusion constant and C, con-
centration, the generalized apparent conductivity would be.

n 2.2

o = é%ci'k (27)

As a result, the Nernst-Plank cell is a potential dependent two-pole with non-

linear characteristics, as its conductivity depends on the direction of the current.

Hence, the cell rectifies and distorts (Figure 12), so, for example, the supplied

sinusoidal potential will gain a non-sinusoidal current containing upper har-

monics. It is vice versa valid: if we have over harmonics on a harmonic potential

excitation. The harmonic alternating potential shows the rectification of the sig-
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The frequency spectrum of the current density by Fourrier transformation of
the alternating potential is shown in Figure 13. The time-derivative of current
density shows that the slope of the current development depends on the direc-
tion of the external field, making some-kind of hysteresis.

Practical clinical applications frequently use 13.56 MHz RF radiation, which
frequency is reserved for medical and industrial applications. This RF shows a
particularly good relative difference in the dielectric permittivity of normal and
tumorous tissues. The imaginary part of the conductivity, which is proportional
to the relative permittivity ( |m(0'*) =w-¢) is ~15 times higher in the tumor
than in the connective and the adipose tissues in breast cancer (Figure 14). The
same minimal complex resistance was obtained in two model calculations for el-

lipsoidal cells [107], so the selection at the 13.56 MHz frequency is optimal.
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Figure 12. Nernst-Plank cell characteristics. (A) The harmonic external signal. (B) The current density having C,/C, =10. The

rectification modifies the time-dependence.
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Figure 13. The time-derivative of the current density shows non-linear behavior. (A) The current density and its derivative. (B)
The time derivative of current density has hysteresis by the changing potential.

DOI: 10.4236/0jbiphy.2023.134005

72 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2023.134005

A. Szasz

A. B
Re(c*) Im(c™) !
1
250 = 25 = 1
1
1
1
1
1
EI
200 - 20- s
B
"""""""""""" !
-l
1
1 1
| |
|
150 : 3 15 NS
\ >3x ' I‘ ‘?&
1 i 1 <
1 1 v
1 1 %
1 1
100 = ! 10 - '
Connective tissuleV :
—————— - ———— 1
] 1
"""""""""""""""" ! 1 1>15x
50 adipose tissue........, > :
" .
i |
: ! : Connective tissue
: | - : —— Adipose tissue
0 T 1 0 _'l-I-llﬁlﬂn-T-J' L--T

1 MHz 10 MHz 100 MHz 1 MHz 10 MHz 100 MHz

Figure 14. The electric parameters of breast tissues vs. frequency [55]. The 13.56 MHz
shows high selectivity in both parts of the electric conductivity. (A) The real part; (B) The
imaginary part (®- ¢ ) of the conductivity.

The selective energy-absorption is promoted by a characteristic frequency
dispersion in the applied frequency range (/0 dispersion [108]). The active
nonthermal excitation effects also happen in this dispersion range [109], which
targets the lipid-protein interactions and selects water-bound states [110] at the
membrane, effectively focusing the energy on the target [111]. This high fre-
quency promotes dipolar processes of proteins and other large molecules (like
cellular organelles, biopolymers) [112], and is active on the suspended particles
surrounded by cells [113], as well as may modify the protein-bound water, and
cell organelles such as mitochondria [114] [115]. The excitation of the trans-
membrane proteins, charging intercellular structures and electrochemical changes
mostly happen in lower frequencies (a-dispersion). To achieve the complete ef-
fect of selecting and modifying the TME the combination of the high and low
frequencies offers the optimum. The high frequency component is used as a car-
rier frequency of the low one which modulates the signal [116] [117]. The cur-
rent density of the modulated signal has special nonlinear properties, similar to
the unmodulated applications (Figure 15).

The charge redistribution and its changing of the applied RF current allow a
special memory. In the presence of an alternating current electric field, the be-
havior of the electrodiffusion becomes time dependent. The time dependent
electric field exhibits a memory effect depending on the specific conditions and

assumptions. In general, the memory effect refers to a system’s response being
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external signal. (B) The current density having C,/C, =10. The rectification modifies the time-dependence. (C) The current den-

sity and its derivative. (D) The time derivative of current density has hysteresis by the changing potential.

dependent on its previous states or history. In the case of electrodiffusion, if the
system exhibits memory, it means that the transport properties of the charged
species at a given time depend not only on the current electric field but also on
its previous history. The presence of memory can arise if there are mechanisms
that introduce temporal dependencies in the transport coefficients, like relaxa-
tion processes. The memory element of the discrete electric circuit is the me-
mristor [118] [119]. Memristors are devices that can exhibit electric charge redi-
stribution, known as the memristor effect. As the potential difference changes,
so does the resistance. The change in time is determined up to the time constant
of the process: the diffusion and the dielectric polarization relaxation. Memris-
tors exhibit a memory-like behaviour by changing their resistance based on the
magnitude and direction of the applied electric current. The memristor’s mem-
ory depends on the charge distribution W~ grad ( p) in the resistive volume,
and the resistivity R, depends on the gradient (w), the current (/) and the time
(9, and so the Ohm-law: V =R (W, | ,t)l in memresistive system [120]. Me-

mristors can indeed exhibit the electric charge redistribution effect. Memristors
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are a type of electronic device that can “remember” the amount of charge that
has flowed through them in the past states through which the system has
evolved.

The memristor is a two-terminal electronic component that can change its re-
sistance in response to the magnitude and direction of the applied voltage or cur-
rent. This change in resistance is a result of the redistribution of electric charge
within the device. The resistivity of memristor depends on the charge (p) distri-

bution. The Ohm-law in differential form with V potential, / current and R re-

sistivity:
dV (p)=R(p)dl(p) (28)
and the voltage depends on the magnetic flux (¢).
de(p) dp
dv(p)=—— and dl =— 29
(p)=—4— and dilp) = 29

Consequently, the memristive effect, when the flux depends on the charge:

M p(1)]- R(p) - 22L2) G0
do

which was the basic idea of the memristor as a missing circuit element [118 115].
On this way, the biological systems with memristive behaviour, when the relaxa-
tion time of space-charge comparable with the one quarter of the exciting elec-
tric field time constant, otherwise the quick relaxation does not interact with the
field. Then opposite change of the current must happen during the space-charge
relaxation processes for the memristive interaction. The charge dependence of
the current-density causes an apparent inductive behaviour, the current left be-
hind the voltage, due to the rearranging space charge. The time-lag changes by
time, the system “learns”. According (9) the characteristic relaxation time of the

space-charge (sc) is 7., = 2.5x10™°s, which is directly influenced by the quarter

sC —
of the time-constant of 13.56 MHz carrier frequency (Tl‘jT's6 =2.9x10°s), caus-

ing the memristor behaviour. The induced space charge by polarization at the
boundaries does not complete the rearrangement of the charges. The charge se-
paration at the boundaries introduces non-linearity, having a rectification effect
that makes the low-frequency modulation active on the carrier in deeper tissues
as well.

The application of memristor principles in living objects is an emerging field
of research known as “memristive biology” or “biomemristors.” The application
of memristor principles in living objects is a complex and interdisciplinary field.
The changing membrane conductance was observed as early as 1940, introduc-
ing a variable resistance of the membrane [121], and observing the emphasized
rectification [122] an inductive element was introduced [123] [124] (Figure 16).
The inductivity directly connects the process to the memristor behavior. The
inductive behavior was used in neuronal models [125]. Memristive behaviour of

neuronal system was measured with in impedance spectroscopy [126] [127].
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Characteristic behaviour of the memristors their charge gradient, which varies

by the current density flowing through of it. The heterogenic dropping of the

solid materials were the first realizing of the memristive idea [128] (Figure 17).

The capacitance has similar arrangement where the charge and the potential

are connected: q=C_ (W,V,t)V . In all cases the time derivative of the charge
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Figure 16. The electro-impedance spectroscopy observed an apparent inductivity in the
system, which is shown in the discrete elements of the electric circuit model. The central
part of the circuit contains the membrane and its nearest neighborhood as shown in Fig-
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Figure 17. The memristor idea. The resistivity depends on the current direction and intensity, and

due to the relaxation times it could be tuned as a memory element. (A) The R, resistivity of the
memristor depends on the inhomogeneous charge distribution, which widens by a current flowing
in the right direction. (B) The current suppress the charge distribution, and the resistivity in-
creases. (C) The space-charge between two cells may behave as a memristor.
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gradient is a function with the parameters of the memristor [120]. Memristors
can be applied in the synaptic contacts [129] [130], and other memory applica-
tions like neuronal calculations [131], perspiration processes [132] and biosen-
sors [133]. Microtubules composed of tubulin dimers are show also memristor
effects [134]. Memristors can play a role in developing neuromorphic systems
for cancer treatment. Neuromorphic systems mimic the structure and function of
the human brain, allowing for intelligent and adaptive treatment strategies. By in-
corporating memristors into these systems, it is possible to create efficient and dy-
namic treatment protocols that can adapt to the evolving characteristics of tumors.
The metabolic differences fundamentally deviate the microenvironments of
the malignant and healthy cells. The fundamental request to generate sufficient
ATP and biosynthetic precursors to maintain the intensive cellular fission and
proliferation. The ionic distribution at the tumor/normal cellular interface can
vary depending on various factors, including the type and stage of the tumor, the
specific location within the body, and individual variations among patients. The
altered ionic distributions in TME compared to normal ECM can affect several
ions, including potassium (K*), sodium (Na*), calcium (Ca’*), and chloride (CI).
The changes in ion distribution are attributed to the dysregulation of ion chan-
nels and transporters in tumor cells. A concentration gradient of the ions and
consequently their charge define the interface between the cancer and normal
cells. The resistivity of this transition layer changes by charge redistribution
which the current flow causes. The conductivity of the layer follows the changes
of the electric field. On this way the charge gradient serves as a typical memristor

layer (Figure 18). The memristive charge effect appears not only extracellularly,
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Figure 18. The memristive behaviour of the tissue. The resistivity of this connection depends on the transition charge dis-
tribution between the cells and the RF current changes it. (A) The memristive connection between the cells. (B) Memristive
chain connection. Space charges form the memristors.
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but appears in the ionic channels revising the Hodgkin-Huxley membrane
model [135].

The entire body has space-charge connections, electrically networking the
structures (Figure 19).

The body and all of its subunits have heterogenic space-charge distribution

embedding each other in a complex network (Figure 20).

4. Discussion

The generalized Ohm’s law (27) for inhomogeneous media approximates the
current density versus field strength. In real cases, various chemical species are
transported through tissue. The charge transport is connected to the mass trans-
fer, which could be described by the generalized current densities. Principally, it
has two current density components: the drift forced by field strength and the

diffusion current driven by the concentration gradients. The uncharged particles

A. B. C.
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N | N f

Body surface

Figure 19. The network forming of the memristors caused by the space charges. (A) cellular space charge connection to the next

neighbour cell. (B) Example of the memristor network in a tissue. (C) The subunits of the organism (like organs, tissues) are also
connected with space-charge. The body surface is regarded as a common electric reference.
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Figure 20. The charge (Q) distribution heterogeneity from organism to cells and beyond. (A) The charge distribution follows the
structure of the human body. (B) The tumor represents a deformed charge distribution compared to the healthy structures.
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(some molecules, cells and other TME compartments) have only diffusion driv-
ing force, but in many cases they’re accompanied with charged particles to
penetrate to the cell over the membrane barrier. Such happens with inert glucose
molecule, which has a Na* cotransport allowing their membrane penetration
[136]. On this way the inert molecules participate in the electrodiffusion processes.

Hysteresis in the context of electrodiffusion in the tumor microenvironment
refers to a phenomenon where the transport of ions or charged particles within
the tumor tissue exhibits a time-dependent and non-linear behavior. This beha-
vior is characterized by a lag or delay in the response of ion transport to changes
in the applied electrical field or concentration gradients.

In the tumor microenvironment, electrodiffusion involves the movement of
charged particles, such as ions or drugs, in response to electric fields or concen-
tration gradients. This process is influenced by various factors, including the
tumor’s unique physical and biochemical properties. Hysteresis arises due to the
complex interplay of these factors and manifests as a disparity between the for-
ward and reverse processes of ion transport.

The hysteresis effect can be explained by the presence of barriers or hin-
drances within the tumor microenvironment. These barriers may include cellu-
lar membranes, extracellular matrix components, or irregularities in tissue
structure. As ions or charged particles encounter these barriers, their movement
becomes restricted or delayed, leading to a time lag in their transport.

Additionally, the hysteresis effect can be influenced by dynamic changes in the
tumor microenvironment, such as alterations in pH, oxygen levels, or the pres-
ence of specific molecules. These factors can modulate the properties of cellular
membranes, affect the hydration state of the tumor tissue, or induce conforma-
tional changes in proteins, further contributing to the hysteresis observed in
electrodiffusion.

Understanding and characterizing hysteresis in electrodiffusion within the
tumor microenvironment is crucial for the development of effective strategies
for targeted drug delivery and electrotherapy. By comprehending the complex
dynamics of ion transport and hysteresis, researchers can optimize treatment
approaches and enhance the efficiency of drug delivery systems in combating
tumors.

The currents driven by the electric heterogeneity of the tissues affect the in-
ternal polarization structure. The membrane potential does not induce extra
charge flow by its high electric field in normal functions of the body. The pola-
rization forms an internal field opposing the external effect. An internal charge
redistribution causes current density between the different imperfect dielectrics.
When the integrity of living tissue is perturbed, injury of other disturbances
rearranges the actual state, and current is generated due to the potential differ-
ence in the conductive media. In the case of an injury, the wound in the epithe-
lium provides a shortcut: its potential tends to zero in this localization. The in-

jury disorders the arrangement of the tissue, and critically changes its dielectric
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properties, and the charge balances. The difference in electric field induces an
electric current directed to the wound. The current, powered by this process of
endogenous field strength, is called the injury current [137]. It is the conse-
quence of the internal rebalancing of the charge distribution without being trig-
gered by an external electric field. The injury current promotes cellular migra-
tion (centripetal migration [138]) and proliferation to heal the wound [139]
[140]. The frequency of the cell division and space orientation of the cells is de-
termined by the electric field [141].

The injury current certainly plays a central role in wound healing [142]. In-
jury currents are physiological [143], and their typical value is around 100
pA/cm’® on the physiological potential gradient drops ~100 mV/cm and may be
extended to the 0.5 - 1 mm distance from the wound [144]. This very weak pow-
er (~0.01 mW/g) does not increase the local temperature [145]. It can be meas-
ured using high-tech methods during the wound-healing process [146] [147]
[148]. The induced electric field in the tissue is oriented to the wounded area
(Figure 21). The current has an electric circuit loop through the surface of the
epithelium, where the electric current travels to the surface from the depth of the
wound itself. This electrically controls the wound-healing process and persists as
long as the wound exists.

Spontaneous biological charge transfers have a significant role, being one of
the basic phenomena of tissue repair [149] [150], and especially control the cells
and heal the wound by electrical manipulations [151]. The injury current con-
cept is well proven [26] [139] [152] [153]. It needs sensitive experimental setups
to measure, but many invasives [85] [145], and noninvasive [146] [148] [154]
measurements have been performed to prove the current experiment.

The malignant cell membrane potential is markedly lower [70] [155] than for
normal cells and so its outside surface is less positive (relative negative) than
their healthy counterparts [156]. A certain potential gradient between malignant
tissue and its healthy neighborhood exists [157]. The gradient acts to promote
and direct the cancer-cell migration [158]. There is an argument on the cancer-
ous process as wound repairs [159]. The bio-system falsely recognizes a tumor as
a wound and stimulates its environment to heal the irregularity, cure the wound.
The injury currents produced by the potential gradients actively support the

wound-healing mechanism (Figure 22).
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Figure 21. The injury current. (A) The dielectric permittivity and conductivity changes in the damaged tissue. The differences
induce an electric field, which promotes the cell proliferation and migration. (B) The electric field drives a current (injury current)

from all borders of the wound gaining each other in the damaged volume.
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Figure 22. The tumor electronically represents similar conditions than the wound presents. The starting injury current intend to
“heal the wound” which supports the tumor-growth.

The adaptation of cancer cells depends on many factors [95] including the
special vehicles of information [160], and the main driving originated from the
TME as the closest environmental condition [116]. The memristor processes ar-
range the new charge distribution fit to the actual conditions. The formed
space-charge promotes the growing adaptation of cancer cells in a healthy envi-
ronment. Due to the relative negative charge of cancer, the compensating space-
charge constraints electric current to the cancer-disk is formed, starting an in-
jury current between the cancerous and healthy parts. This current could differen-
tiate between the healthy cells and the multipotent ones, which became autonomic
and redifferentiated to cancerous. The challenge is the high metabolic rate of the
cancerous cells which are in the permanent division and perpetually produce the
negative space-charge. The mechanism creates the “precancerous cells” meas-
ured by Loewenstein [161]. The dynamic change of the space-charge keeps the
injury current active. The process is a self-gaining positive feedback mechanism,
while the injury current promotes the cancer proliferation, which promotes the
injury current further. The memristor effects between the cells and rapidly
“learns” their role, and dynamically adapt the space-charges in the individual
TMEs. Therefore the natural mechanisms of the bio-system are not able to block
the cancerous development after a definite size.

Artificial intervention to reprogramming the speace-charge and block the prolif-
eration mechanisms of the injury current we deliver external field. The near 10
MHz carrier frequency causes the higher elecytric impact on the malignant cell
membrane [162]. However, the effect of body electrolytes on the electrode surface
in the chemically reactive biomaterial develops Warburg impedance [163] in the
low frequency region, which would be active to rearrange the developing charges.
The low frequency modulated high carrier could help to overcome this challenge.

The measured impedance spectroscopy showed significantly higher relaxation
time (lower relaxation frequency, where the imaginary part of the impedance is
the highest) in malignant tissues than in normal [82] [164]. The higher relaxa-
tion time allows also further selection possibilities of malignant cells, to block

their proliferative processes.

5. Conclusions

The internal polarization effects form space-charge, which characteristically dif-
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fer in malignant and healthy environments. The electrical resistivity of the elec-
trolytes depends on the distribution of the charges and concentrations of ions in
the electrolytes, consequently the space-charge differences appear in the conduc-
tivity parameters too. The polarization heterogeneities caused by the irregulari-
ties of the healthy tissue induce a current (called injury current), which appears
in the cancerous tumor as well. Due to the nonlinearity of the space-charge
production and the differences of the relaxation time of the processes in various
subunits. The tumor develops the space-charge which appears as an inductive
component in the otherwise capacitive setting and forms a memristive behavior
of the tumorous tissue. This continuously developing space-charge accommo-
dates the tumor to the permanently changing conditions and helps the adopting
the malignant cells in the new environment. Applying external radiofrequency
electric field, the disturbance of the space-charge may change the conditions,
and seek to reestablish the healthy homeostatic equilibrium, blocking the patho-
logic injury current components.

The hypothetical memristive behavior of the tumor microenvironment and
the tumor mass may be a biophysical addition to the adaption mechanisms of

tumor cells and could provide a way to block the pathogen biophysical processes.
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